The Spallation Neutron Source (SNS) is designed to ultimately reach an average proton beam power of 2 MW for pulsed neutron production. The SNS physics groups analyze the machine performance within the hardware constraints, optimize the accelerator design, and establish the best path towards a 2 MW and higher spallation neutron source.
INTRODUCTION
The Spallation Neutron Source (SNS), presently in its third year of a seven-year construction cycle at the Oak Ridge National Laboratory, is intended to deliver a proton beam of up to 2 MW power to a mercury target for neutron spallation. The accelerator system operates at a repetition rate of 60 Hz and an average current of 
DESIGN PHILOSOPHY
The primary concern of building such a high-intensity accelerator is that radio-activation caused by excessive uncontrolled beam loss can limit the machine's availability and maintainability. Based on operational experiences, hands-on maintenance [2] demands that the average uncontrolled beam loss not exceed 1 to 2 Watts of beam power per tunnel-meter. Uncontrolled beam losses are usually attributed to (1) mismatch upon change of linac structure and lattice; ( 2 ) space charge effects including parametric * Work performed under the auspices of the US Department of Energy t weil @bnl.gov; on joint appointment at ORNL and BNL (7) accidental loss due to system malfunction (ion source and linac, ring extraction kickers). SNS carefully addresses the above seven issues by adopting a low-loss design philosophy [3] . Furthermore, foreseen losses are localized to shielded areas. Collimation systems are used at the HEBT, the ring (two-stage), and the RTBT. The beam gap is chopped at the LEBT and the MEBT, and cleaned in the ring.
Much of the emphasis in the design of the accelerator centers on machine flexibility and reliability. The superconducting RF linac allows normal operation with one failed cavitylklystron; the ring is designed with an energy acceptance range of 3~5 % (determined by Ho stripping loss) to accommodate linac energy variation; a tuning range of 3 units vertical and 1 unit horizontal aids resonance min-imization; a robust injection allows independent horizontal, vertical, longitudinal painting manipulation; an adjustable, two-stage collimation system accommodates variable beam size; and an exchange mechanism delivers instant injection foil replacement. In addition, redundancy is reserved in key areas (e.g. spare cryo-module, magnets, hot power supply, diagnostics, etc).
Finally, the entire facility is designed with the potential to reach an output energy up to 1.3 GeV and an output power higher than 2 MW, capable of supplying a second target with beam. The higher energy can be reached by upgrading the superconducting RF cavity gradient and klystron power supplies, and by filling existing unoccupied linac tunnel spaces with up to 9 additional cryo-modules.
The ring is capable of accommodating the energy increase and delivering the higher beam power without exceeding space-charge limits by an addition of 2 extraction kickers and a replacement of 2 injection chicane dipoles.
LINAC OPTIMIZATION

Design Choices
The SRF linac operating at 805 MHz frequency accelerates the H-beam from 186 MeV to top energy. The choice of two types of SRF cavities allows for economic savings and future energy upgrades. The choice of cavity geometric ff value is based on a smooth transition from the warm section linac, a maximized final output energy, and a comfortable transition from medium-to high-p section with tolerance to one cavity failure. We also choose constantgradient, continuous focusing to maximize the accelerating field strength [4] .
Considering the tight construction schedule, a moderate peak surface field of 27.5 (f.2.5) MV/m is chosen for the medium-P cavity. Benefiting from electro-polishing, a higher peak field of 35.0 (t2.51 -7.5) MV/m is assumed for the high$ cavity. In order to reduce uncertainties in RF controls of an ion (p < 1) beam under Lorentz detuning, microphonics, beam transients and injecting energy offset, we decide to drive each cavity with its own klystron using independent amplitude and phase control.
Design Studies and Challenges
A key challenge in linac performance is to minimize beam emittance growth and centroid jitter in both transverse and longitudinal directions upon ring injection, reducing foil traversal, scattering and radio-activation. The warm DTL operating at 402. 
RING OPTIMIZATION
Choice o$Accurnulator Ring
During the first year of construction, a study was performed comparing a full-energy linac with accumulator ring to a rapid-cycling-synchrotron (RCS). As opposed to an RCS, an accumulator ring simplifies the capture process, avoids ramping and RF shielding complications, and avoids magnet errors due to ramping, saturation, and power-supply tracking. The study concluded that, especially due to the stringent beam-loss limit of a 2-MW facility, the required RCS design is technically more demanding and less cost effective [6] .
' Choice of FODO-doublet Lattice
The optimized SNS ring lattice has a hybrid structure with FODO bending arcs and doublet straight sections [3] . The lattice combines the FODO structure's simplicity and ease of correction with the doublet structure's flexibility for injection and collimation. Injection at a dispersionfree region allows independently adjustable painting [SI in the transverse (with orbit bumps) and longitudinal (with an energy-spreading phase-modulated RF cavity) directions for a robust operation. The 12.5 m-long uninterrupted straight section with a flexible phase advance further improves collimation efficiency. 
Component Implementations
The implementation of ring chromatic sextupoles was debated. Sextupoles are not used in rings like ISIS. However, as a higher intensity machine, the SNS requires unprecedented loss tolerance, and relies upon a large momentum spread for instability damping and a large momentum aperture for beam-in-gap/momentum cleaning [ 101. Chromaticity sextupoles, powered in four families, are thus essential in avoiding resonances resulting from a chromatic tune spread.
In order to reach a large momentum spread without introducing excessive beam halo, longitudinal painting is implemented. To facilitate such a painting scheme, the output momentum jitter and spread must be strictly controlled by an energy-correcting RF cavity synchronized to the linac frequency at an optimized distance from the end of linac to allow for an adequate beam-phase slippage and a moderate RF voltage. Thus, these "corrector" and "spreader" cavities are also essential.
Design Challenges
END-TO-END SIMULATION
Extensive efforts have been made to compare and develop models and codes for linac simulations including space charge and SRF, and to develop ring simulation codes (UAL [ 121 and ORBIT [ 131) that handle tracking and mapping along with space charge, painting, magnetic errors, impedances, and collimation. Table 2 is an example of an end-to-end simulation using various codes. The SNS beam loss model is based partly on empirical data at existing facilities and partly on simulations [ 141.
SUMMARY
By adopting superconducting RF technology for the linac and by fully optimizing the accumulator ring design, the SNS is following a clear path towards a high-intensity (2x 1014 at 60 Hz), high-power (2 MW) facility.
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The effect of electron-cloud generation [ 111 imposes a serious threat to a high-intensity ring like SNS. Efforts to address this problem focus two fronts: minimization of electron production, and enhancement of Landau damping. Implementations to minimize electron production includes a pair of tapered magnets for electron collection near iniection foil, TiN coated vacuum chamber to reduce multi-
